The goal of this study was to develop a self-settling microalgal consortium in raceway pond reactor (RPR). Experiments were carried out with cultures that developed without additional seeding, but naturally promoted by process conditions in a raceway pond reactor. The changes in microalgal communities and total biomass under nitrogen and phosphorous limitations were studied in both batch and continuous systems. At the steady state batch had the population of 46% Euglena sp., 16% Closterium sp., 14% Chlorella sp., 14% Scenedesmus sp. and 10% Ankistrodesmus sp. with a maximum biomass of 900 mg/L. In order to get self-settling microalgal consortium, the operation was changed to continuous continuous mode with the aid of a specially designed settler for daily harvest and recycling of the biomass. Grazing fauna could be controlled by managing reduced liquid and solid retention time. At steady-state condition, an autofloculating and self-settling consortium was developed which had mainly Fragilaria sp., Scenedesmus sp., and filamentous Ulothrix sp. The maximum biomass concentration obtained was 140 mg/L. The presence of neutral lipid droplets in the consortium was identified by staining with Nile Red. Development of the lipid rich consortium could be a suitable method for producing biofuel.
Introduction
Microalgae are the subject of extensive research today. The photosynthetic capacity and high growth rate are the attractive features of microalgae to consider them for biotechnology industries. More than a thousand species of microalgae have been reported from Indian waters which are useful for producing valuable metabolites. The range of products researched from microalgae includes protein, carbohydrates, lipids, carotenoids and vitamins. All these metabolites can be used as foods, feeds, high value bioactives and energy sources [1] - [5] . In fact, many species of microalgae are used as live feed in aquaculture firm. Microalgae are also useful in the area of wastewater treatment because of their efficiency in nitrogen and phosphorus removal.
Even though technologies for the conversion of microalgal biomass to various value added products have been established, many of them cannot be commercialized. Lack of suitable culture methods is the unfavorable part of the technologies. Enhanced biomass production is possible only through engineered aquaculture systems and it is essential for the economic viability. The promising methods of large scale production for microalgae are raceway ponds [6] [7] and tubular photo bioreactors [7] . Among these Raceway Pond Reactor (RPR) is considered as a suitable method to cultivate microalgae in large scale harnessing sunlight. Achieving the growth of desirable microalgae is usually difficult in open ponds. Economics of biomass production will be improved if the selected microalgae can be cultivated continuously without contamination in an open system [8] and harvested inexpensively.
The R&D effort on microalgae has been focused substantially on two approaches so far: 1) collecting, culturing and cultivating natural algal strains that have high commercial application; and 2) engineering the genetics of algae to improve the biomass yield. This study presents the selection and culturing of microalgal consortium by providing an environmental pressure through engineering approaches in the RPR. This study further discusses the microalgal ecosystem of the RPR.
Materials and Methods

Experimental Setup
A raceway pond reactor was setup to grow algae naturally present in the source water. The water source was tap water, which is supplied from bank filtered river water of Karamana, Thiruvananthapuram. The RPR was operated in batch for 20 days by adding nutrients initially in a single dose. After promoting the growth of biomass, the raceway pond reactor was operated in continuous mode. Water was pumped into the RPR and the same amount of liquor was discharged through the outflow of a tube settler which is fabricated in the laboratory. The process flow diagram and tube settler are shown in Figure 1 and Figure 2 respectively. In the scheme a half part of the settled biomass from the settler was recycled to the RPR and the remaining fifty percent was harvested using a pump. Dimensions of the experimental RPR were 1.0 m length, 0.35 m depth and 0.5 m width, and it had the working depth of 28 cm. Working volume of the RPR was 210 L in both batch and continuous operations. The reactor was mounted above roof top and away from shadows. A minimum liquid circulation velocity for mixing was maintained in the RPR by the motion of a four paddled drive rotated at 6 rpm. CO 2 was sparged into the pond through a fine bubble diffuser at the rate of 100 std. mL/minute to ensure unlimited availability of CO 2 for photosynthesis [9] .
A tube-settler was designed and fabricated for harvesting the algal biomass from RPR (Figure 2) . Tube settlers are shallow settling devices used to enhance the settling characteristics of sedimentation basin. This settler allows settling of solids in short time because of the small depth. Particle that travels above the settling depth or unsettlable are removed from suspension through the overflow stream (Figure 2) . This was made to select the fast settling microalgal biomass from natural consortium during the continuous operation of RPR. A periodic rapping mechanism was provided to dislodge sticky biomass on the walls of the tube-settler. The liquid retention time in tube was 30s.
Batch Operation
The composition of nutrients added at startup stage was: NH 4 This composition was based upon the elemental stoichiometry studies of microalgal species developed by Ho et al. [10] . The RPR was started with the algal population naturally present in the water source and continued the experiment for 20 days. The biomass collected from the suspension was undergone for detailed examinations.
Continuous Operation
Batch operation of the RPR was made continuous by supplying nutrients daily as a pulse at 10% of the quantity supplied initially to the batch RPR system. The tube-settler as referred previously was fitted to the outflow of RPR during the continuous operation. Water was pumped into the RPR every day at the rate of 25 liters per hour from 14:00 Hrs to 18:00 Hrs. To select self-settling microalgal consortium in the reactor about 50% of the settled biomass sludge from the settler was pumped back into the RPR. Thus the biomass retention time in the reactor was two days. This biomass retention time was selected to washout metazoan grazers which feed on microalgae. Upon forming a stable consortium after 14 days, the daily addition of nutrients was doubled to yield higher biomass.
Physico-Chemical and Biological Analysis
Volume of the settled biomass was measured using a graduated 1 L Imhoff cone [11] . Residual-ammonia and orthophosphates were estimated by spectroscope, as per APHA [11] . The growth of microalgal population was monitored in terms of total suspended solids [11] . Identification and enumeration of microalgae and grazing organisms present in the RPR were done based on the morphological characteristics illustrated in the previous literature with the aid of a Sedgewick-Rafter (SR) counting chamber and an optical microscope [11] [12].
Qualitative Lipid Content Estimation
Qualitative assessment of lipid was done by staining with Nile Red (NR) [13] . NR is a lipophilic fluorescent dye used for intracellular lipid determination in prokaryotic and eukaryotic cells and capable of detecting neutral lipids. NR permeates all structures within the cell but the yellow-gold fluorescence manifests when NR penetrates intracellular neutral lipid globules. Stock solution of the stain was prepared by dissolving 10 mg of Nile Red in 1 mL of acetone and the working standard was prepared with of 10 µL stock solutions made up to 1 mL with acetone. Then 0.5 mL of microalgal cells was collected by centrifugation at 1500 rpm for 10 minutes. The cells were washed in 0.5 mL of physiological saline solution (0.85% NaCl solution in water) and resuspended the collected cells in 0.5 mL of physiological solution. Nile Red solution (0.1 mg/mL acetone) was added to the suspension and incubated for 10 minutes. After washing once stained microalgal cells were observed under fluorescent microscope. Lipid droplets were observed as bright yellow-red fluorescence with Y3 filter in epifluorescent microscope (Leica DM-2500). Cyanobacteria also had auto-fluorescence under the same excitation, but it could be distinguished from Nile Red stained lipid droplets by difference in colour shade.
Results
Batch RPR Ecosystem
The nutrients enriched batch RPR had initially the dominant growth of a single celled Chlorella of the size 2 -10 µm with the cell concentration of around 9 × 10 3 cells/mL. This Chlorella growth was then replaced by a microalgal community of 46% Euglena sp., 16% Closterium sp., 14% Chlorella sp., 14% Scenedesmus sp. and 10% Ankistrodesmus sp. within 10 days and the total biomass concentration was 900 mg/L. The growth of photosynthetic biomass was not only in suspended form in water but as attached on the light and water available side walls of the reactor and on the paddle wheels also. Over the period of 15 days ammonia and phosphate concentration were depleted to 0.01 mg/L from their initial concentrations of 30 mg/L and 24 mg/L respectively. The diurnal changes in pH were in the range of 6.5 to 7.8 from the initial value of 7.0. By the end of 20 days of batch experiment Chlamydomonas sp. was observed mainly as zygospores. Grazers such as protozoa, rotifers, and Chironomous fly larvae were found to appear in the RPR towards the end of the batch experiment ( Table 1 and Figure 3 ).
Microscopic observation revealed that grazers like rotifers, Vorticella, Carchesium colonies found in the system were consuming the suspended organisms like bacteria and microalgae present in the RPR. Rotifers were free living organisms in the RPR and actively grazed on microalgal species such as Chlorella. Each cell of Vorticella has a separate stalk anchored to the microalgal consortium floc and actively fed on organisms present in the suspension. In batch system the grazing organisms were feeding the cells in the suspension. 
Continuous RPR Ecosystem
The organisms present in the beginning of continuous culture were Chlamydomonas sp., Euglena sp., Ankistrodesmus sp., Closterium sp. and Scenedesmus sp. In continuous RPR with the initial nutrient concentration, the average biomass concentration was 65 mg/L/day. To get a steady state of biomass production, initially 25% of the biomass was harvested daily. On reaching the steady state, the Euglena sp. (Figure 4(a) ) disappeared and the biomass was dominated by Closterium sp. (Figure 4(b) ). After 14 days with doubling of nutrients loading from the initial concentration the total biomass level increased to 140 mg/L/day, with the same harvesting frequency. Under these conditions, there was a shift in the composition of the consortium. It was dominated by diatoms and green algae (Scenedesmus sp., filamentous Ulothrix sp. (Figure 4 reddish color is the result of fluorescence of lipid droplets located in the cytoplasm seen through green pigmented chloroplast on the outer cell surface.
Discussion
In this effort to develop self-settling microalgal consortium experiments were performed to promote the growth of microalgae originally present in the sample water. The addition of nutrients as an initial dose triggered the growth of Chlorella in 24 hrs. Rapid growth of Chlorella and its tolerance to ammonia concentration near to a level of 30 mg/L have been reported earlier [14] [15] . It is reported that Chlorella sp. are highly competitive when the concentration of NH 3 -N concentration is between 20 -250 mg/L [16] . The other microalgae started to appear when supplied nutrients became very low and depleted to below detection limit. In this batch system the biomass concentration was 900 mg/L. There was flocculation of the microalgal consortium in the culture and the suspended single cells were grazed and removed. Towards the end of the batch culturing in RPR Chlamydomonas was the dominant one and mainly observed as zygospores where the nitrogen in the RPR was less than detectable range of 0.01 mg/L. The zygosporic formation of Chlamydomonas under nitrogen limited condition has also been reported previously as well [17] [18] . The continuous operation of RPR with biomass settler for biomass recycles and harvest changed the microbial ecology of the RPR. Settler operation selected the settlable biomass and washed out the suspended cells slowly from the reactor. Continued operation of the RPR converged the consortium to mainly two members from its original diverse population. The biomass grown in the batch RPR was not easily separable as there were discrete and suspended cells in the culture ( Table 2) . While in the continuous operation of RPR with settler the biomass was entirely in the form of easily settleable flocs because of the recycle of settled biomass and washing out of the suspended growth.
It was observed that the process of settleable biomass developments through hydrodynamic selection is qualitatively different from the method of formation of settling biomass in the batch system. In continuous RPR system settled flocs were up to 1 mm diameter and non settled flocs were in the range of 0.1 -0.2 mm diameter. The non-settled flocs show tendency to separate and are washed out of the system through hydrodynamic selection pressure. On the other hand in the batch system, flocs are formed by the active production of exocellular materials seen as mucilage in the floc (Figure 7) and most of the individual cells get attached to this mucilaginous substance for some kind of biological association. Cell division can take place within this mucilage floc, thereby restricting separation of the cells. Grazing organisms present in the batch system remove free suspended cells in the system [19] [20] . Small grazers, such as ciliates and rotifers, are unable to penetrate the mucilaginous cover of the floc for feeding on the cells. Flocs are grazed mainly by metazoans such as nematodes and insect larvae. Growth of diatoms was observed without addition of silica along with other nutrients, probably by utilizing dissolved silica present in the range of 12 mg SiO 2 /L to 15 mg SiO 2 /L. Lipid is the primary energy storage product of diatom and usually have higher growth rate than green algae [21] - [23] . Lipid production in diatoms has been reported to increase in silica limiting condition [21] [22] [24] [25] . Conditions of nitrogen starvation and nitrogen limitation are also known to cause lipid accumulation in several microalgal species [15] [26] [27] . The presence of lipid droplets in the consortium could be due to the above stated reasons.
Conclusion
This study demonstrated the flocculant and settleable microalgal consortium growth in continuous raceway pond reactor with the aid of a tube settler. The developed consortium was stable and perpetual as far as the process conditions remained unchanged. Fast growth rate with lipid accumulation and seperability from aqueous phase was the main characteristics of the consortium. Further studies were required to improve the biomass and lipid productivity of the consortium.
